Purpose: To compare the quantitative changes of peripheral angle after laser iridotomy (LI) alone (group A) or combined LI and Iridoplasty (group B) using iridotrabecular contact (ITC) index by swept-source anterior segment optical coherence tomography (AS-OCT). Methods: In this prospective comparative observational study, OCT images were obtained before and after the procedure. In each image frame, scleral spur (SS) and the ITC end point (EP) were marked and ITC index was calculated as a percentage of the angle closure from 360°. Age, gender, diagnosis and initial ITC index in Group B were matched with group A. Changes in ITC index, anterior chamber angle parameters, and intraocular pressure (IOP) were inspected. Results: Thirty-three eyes (20 patients) with shallow anterior chamber were included in each group. Initial ITC index and initial IOP were not significantly different between the two groups (both p > 0.05). However, ITC index and IOP after the procedure were significantly lower in group B than those in group A (ITC index: 31.3 AE 23.2 in group A, 19.0 AE 21.3 in group B, p = 0.011, IOP: p = 0.004). All anterior chamber angle parameters in group B and all parameters in group A except nasal trabecular-iris angles (TIA) were significantly increased after the laser procedure (all p < 0.05). Conclusion: In patients with shallow anterior chamber, combined LI and Iridoplasty may open the peripheral angle better than LI alone. Iridoplasty may be able to additionally relieve the peripheral angle closure caused by other mechanisms than pupillary block.
Introduction
Primary angle closure glaucoma (PACG) is a major cause of blindness worldwide (Quigley 1996) . Populationbased studies have suggested that the prevalence of PACG is higher in East Asians than in Europeans and Africans (Congdon et al. 1992; Cho & Kee 2014) . The pathophysiologic features and mechanisms underlying primary angle closure (PAC) are complex. Although pupillary block is the main mechanism underlying PAC, mechanisms other than pupil block might also exist (Ritch & Lowe 1996; Wang et al. 2002; He et al. 2006; Nongpiur et al. 2011b) .
Laser iridotomy (LI) is considered as the primary treatment modality for angle closure. This procedure relieves pupillary block via generating a shunt that allows aqueous flow from the posterior chamber to the anterior chamber (Nolan et al. 2000; Saw et al. 2003) . However, previous studies have reported that 19.4% to 42.9% of the anterior chamber angle of angle closure eyes that underwent LI remained closed (Alsagoff et al. 2000; Yeung et al. 2005; He et al. 2006 He et al. , 2007 Lee et al. 2011b ). Wang et al. (2002) have reported that angle closure is caused by nonpupillary block components in 61.9% of Chinese patients with angle closure. In our previous study, we found that angle closure was not relieved in 35.31 AE 27.19% of the circumferential peripheral angle after LI using the ITC index calculated with swept-source AS-OCT (Cho et al. 2016) . Our results indicate that after pupillary block was relieved by LI, there was still partial angle closure (approximately 35.31%), which suggests that angle closure may not be caused by a single mechanism of pupillary block in this Korean population. Pathogenic mechanisms other than pupillary block, such as forward movement of the lens and plateau iris configuration, might also contribute to angle closure (Kumar et al. 2008 (Kumar et al. , 2009 Nongpiur et al. 2011a; Ku et al. 2014) .
Several studies have reported that laser peripheral iridoplasty (PI) is a safe and simple procedure that effectively opens appositionally closed portions of the drainage angle (Chew & Yeo 1995; Ritch et al. 2007 ). Peripheral iridoplasty (PI) causes contraction of the far peripheral iris stroma and 'pulls' the iris away from the angle, thus relieving the iris-angle apposition (Liu et al. 2013) . Ritch et al. (2004) have shown that iridoplasty is highly effective in eliminating residual appositional closure after LI caused by plateau iris syndrome and that such effect has been maintained for years. It has been reported that PI performed with LI can improve the mid-to-peripheral anterior chamber depth (ACD) more than LI alone in a study assessed by Pentacam (Sun et al. 2010; Lee et al. 2011a) . Ramakrishnan et al. (2016) have demonstrated that laser peripheral iridoplasty can be very effective for eyes with plateau iris syndrome without showing improvement after an iridotomy. Those studies evaluated anterior chamber angle (ACA) with gonioscopy, Pentacam and conventional AS-OCT which was developed before AS-OCT using swept-source laser (swept-source AS-OCT).
Proper examination of the ACA is essential for correct evaluation of individuals suspected of having angle closure and after LI or PI (Congdon et al. 1992) . However, gonioscopy, the current clinical method for angle assessment, lacks objectivity and requires the expertise of a trained examiner. In addition, it is uncomfortable for patients (Yi et al. 2008) . Another method for angle assessment is conventional AS-OCT. It provides a 'single' cross-sectional slice view across the anterior segment while the rest of the angle is not visualized or considered in determining angle status (Friedman & He 2008; Sakata et al. 2008) . Swept-source AS-OCT (CASIA SS-1000, Tomey Corporation, Nagoya, Japan) is a newer approach for angle assessment. It employs a swept laser source at wavelength of 1310 nm and scan speed of 30 000 Ascans/s. The swept-source AS-OCT's low-density three-dimensional angle analysis scan can simultaneously obtain multiple radial scans of the whole anterior chamber for the 'entire circumference' of the angle (Liu et al. 2011) . Built-in semi-automated analysis software which requires input from the observer analyses the extent of iristrabecular contact (ITC) across 360°o f the angle and provides a summary measure of the extent of angle closure expressed as percentage (i.e. (extent of angle closure)/360°). This percentage is termed ITC index (Fukuda et al. 2012) .
In this prospective comparative observational study, we investigated the quantitative changes of circumferential angle closure after LI alone or LI with PI using ITC index assessed with swept-source AS-OCT.
Materials and Methods
This was a prospective comparative observational study conducted in accordance with the tenets of the Declaration of Helsinki. This study was approved by the hospital's Institutional Review Board. Written informed consent was obtained from all participants.
Subjects
Primary angle closure suspect (PACS), PAC, and PACG patients who underwent LI (group A) or LI combined with PI (group B) were included in this study. Group A served as the control group for group B with age, gender, diagnosis and initial ITC index matched for the two groups.
Primary angle closure (PAC) suspect was defined as an eye with narrow angles (pigmented posterior trabecular meshwork was invisible on gonioscopy for at least >270°in the primary position), an IOP of ≤21 mmHg and the absence of glaucomatous optic neuropathy or peripheral anterior synechiae (PAS) (Foster et al. 2002) .
Primary angle closure (PAC) was considered present when an eye had an occludable angle (appositional contact between the peripheral iris and the posterior trabecular meshwork >270°) with features indicative of trabecular obstruction by the peripheral iris, including elevated IOP, the presence of PAS, iris whorling (distortion of radially oriented iris fibres), 'glaukomflecken' lens opacity and excessive pigment deposition on the trabecular surface without the development of a glaucomatous optic disc or any visual field (VF) change (Foster et al. 2002) .
Primary angle closure glaucoma (PACG) was defined as eyes with narrow angles associated with glaucomatous optic neuropathy (loss of neuroretinal rim with a vertical cup-to-disc ratio of 0.7 or an inter-eye asymmetry of 0.2, or notching attributable to glaucoma) with corresponding VF loss (Foster et al. 2002) .
The purpose of this study was to evaluate the ACA changes after LI or LI combined with PI or the effect of LI and LI plus PI. Therefore, eyes with PAS in ACA before the laser procedures were excluded in this study regardless of the original criteria (Foster et al. 2002) . All eyes were newly diagnosed cases, especially in PACG eyes. They were incidentally diagnosed as 'glaucoma' after narrow angle was found, and following optic disc examination was performed. Chronic PACG cases with PAS and high IOP even under hypotensive eye drop were not included because those eyes might not respond to LI or PI. In addition, they might interrupt the results of the pure effect of LI or LI plus PI. We also excluded patients with a history or current use of topical or systemic medications that could affect the angle or pupillary reflex. Those with a history of previous intraocular surgery including cataract surgery, laser trabeculoplasty, laser iridoplasty and LI, and those who were unable to fixate prior to undergoing swept-source AS-OCT examination were excluded. Eyes diagnosed with secondary angle closure such as neovascular or uveitic glaucoma were also excluded. After OCT images were acquired, bad images due to blinking or poor fixation were also excluded. If both eyes had the same diagnosis, only one eye was randomly selected and included in this study.
From October 2014 to March 2015, all patients with narrow angle were treated with LI alone and from April 2015 to August 2015, all patients with narrow angle were treated with LI combined with PI. As LI alone was performed in the earlier prospective study period, those matched with age, gender, diagnosis and initial ITC index according to subjects undergone LI combined with PI (group B) were included in group A.
Laser peripheral iridotomy and peripheral iridoplasty
Laser iridotomy (LI) was performed in the superior region of the iris (from 10 to 2 o'clock) with sequential argon and neodymium-yttrium-aluminium-garnet lasers. One hour before LI, eyes were pretreated with 2% pilocarpine. An argon laser delivered 500 to 1000 mW power with a spot size of 50 lm for a duration of 0.05 s with yttrium-aluminium-garnet laser set at 2-5 mJ.
Argon laser peripheral iridoplasty was performed with a spot size initially set at 500 mm, with titrated power (150-400 mW) and duration (0.4-0.5 s) based on response (Ritch et al. 2007 ). Burns were aimed at the iris root. The EP was to obtain a visible contracture of iris tissue. Approximately 24 burns were placed over 360°with a 2-burn space width. Care was taken to ensure that areas of large radial vessels were avoided.
In group B, PI was performed prior to LI and both lasers were performed on the same day.
Swept-source AS-OCT imaging
All subjects underwent OCT imaging before any contact procedure or the initiation of any glaucoma medications. Swept-source AS-OCT imaging was performed prelaser and one week postlaser under constant dim light (15 lux) with the patient in a sitting position. The upper eyelid was gently elevated while the lower eyelid was gently pulled down by the operator so that the ACAs could be seen in the scan window. Care was taken to avoid inadvertent pressure on the globe.
Patients were asked to focus on an internal fixation target. Once the patient was optimally positioned, each eye was scanned with three-dimensional angle analysis using auto-alignment function. The entire scan took 2.4 s. This algorithm acquires scans composed of 256 radial B-scans each with 512 A-scans and covering a distance of 16 mm across the anterior chamber.
Analysis of images
CASIA built-in software was used to measure the ITC index, a semi-quantitative measure of the extent of angle closure expressed as percentage. For ITC analysis, cross-sectional meridional images of the anterior segment (which are not corrected for index of refraction) were used to analyse the extent of contact between the iris and the angle wall.
In each anterior segment image frame, SS and ITC EP were marked manually by a single examiner (H-K.C.) with a 'x' mark and a '+' mark, respectively. The SS was identified as the point at which a change in the curvature of the corneo-scleral interface occurred. The EP was identified as the most anterior point of iris contact to the angle wall. For some frames in which these points could not be identified, they were noted as 'invisible range' and omitted from the analysis. In such cases, attempts were made to replace those images with the nearest scans with visible SS and EP. Subsequently, the software used the SS and EP points in the 16 frames and calculated the ITC index (Fig. 1) . The 16 frames were selected by the software, and they were selected at equal intervals (11.25°apart for the 360°of the angle). Other options for frame selection included 8, 32, 64 and 128 frames.
The results are shown in an ITC chart similar to a goniogram used in clinical practice (Fig. 1B) . The solid circle in the centre of The ITC index was presented as the ratio of positive ITC (angle closure) in degrees (grey area in the ITC chart, Fig. 1B ) to the total angle with visible SS and EP in degrees (usually 360°C) in percentage. In addition to the ITC index, the software displayed the 'invisible range' representing the circumferential extent (in degrees) throughout which the SS or EP could not be determined in the meridional frames. A minimum of seven points were needed so that SS and EP could be identified to calculate the ITC index according to the manufacturer's instructions. However, in this study, images with invisible range of more than 23°were excluded from this study for quality control.
The extent of angle closure was also displayed as a graph (Fig. 1C) . As in the ITC chart (Fig. 1B) , a positive ITC value (i.e. when there was angle closure) was shown above the solid horizontal line (denoting the SS) and a negative ITC (i.e. when an open angle was present) was shown below the line.
Measurements of angle parameters inspected before and after LI or LI combined with PI included: nasal and temporal angle opening distance (AOD), angle recess area (ARA), trabecular-iris space area (TISA), trabecular-iris angle (TIA) at 500 lm and 750 lm from the SS, respectively (Leung & Weinreb 2011) .
Statistical analysis
The ITC index, IOP and ACA parameters were compared between the two groups before and after the laser procedures using Wilcoxon signed-rank test. Statistical significance was considered when p value was less than 0.05. All statistical analyses were conducted using SPSS software version 20.0 (SPSS, Inc., Chicago, IL, USA).
Results
Three patients were excluded before the final analysis due to bad images caused by poor cooperation. A total of 33 eyes of 20 patients who underwent LI combined with PI (group B) were included in the final analysis. Among patients who underwent LI before the period of treating patients with LI combined with PI, five patients were excluded before the final analysis because of bad images. Among 55 eyes of 46 patients who underwent LI with good quality of images, 33 eyes with age, gender, diagnosis and initial ITC index matched with those of group B were included. These eyes served as group A for comparison.
Among the included subjects, there were five men and 15 women (Koreans) in each group. The mean ages in group A and group B were 62.18 AE 8.28 and 61.76 AE 8.61 years, respectively. There was no significant (p = 0.193, Wilcoxon signed-rank test) difference in the age between the two groups. Among the 33 eyes, 20 had PACS, nine had PAC and four had PACG in each group (Table 1) After the laser procedure, the IOP value was decreased in both groups. However, the decreases were not statistically significant. In group A, the IOP value was decreased from 15.97 AE 5.13 mmHg to 14.64 AE 3.29 mmHg (p = 0.054, Wilcoxon signedrank test). In group B, it was decreased from 13.70 AE 4.58 mmHg to 11.88 AE 4.82 mmHg (p = 0.078, Wilcoxon signed-rank test). After the laser procedure, central ACD did not show significant changes in group A or group B (p = 0.685 in group A, p = 0.701 in group B, Wilcoxon signed-rank test). Anterior chamber volumes (ACV) were increased significantly after the laser procedures in both groups (p < 0.001 in both groups, Wilcoxon signed-rank test, Table 2 ).
Among nasal angle parameters, TIA at both 500 lm and 750 lm from SS did not show significant changes after LI in group A (p = 0.092, p = 0.074, respectively, Wilcoxon signed-rank test). However, other ACA parameters including AOD, ARA and TISA at both 500 lm and 750 lm from SS were increased significantly after LI in group A (all p < 0.05, Wilcoxon signed-rank test). All temporal angle parameters including AOD, ARA, TISA and TIA at both 500 lm and 750 lm from SS were increased significantly after LI in group A (all p < 0.05, Wilcoxon signed-rank test, Tables 3 and 4) .
After LI combined with PI, all ACA parameters from both nasal and temporal SS at 500 lm and 750 lm were significantly increased in group B (all p < 0.05, Wilcoxon signed-rank test, Tables 3 and 4).
Included subjects were followed for at least 3 months. There were no serious complications observed in this study after LI or LI combined with PI. Iris haemorrhage occurred in some cases during LI but none during PI in this study. Transient IOP spikes and transient anterior chamber inflammation were also observed in some cases but they were managed with conservative means. Moreover, there were no differences in these complications observed between the two groups.
A representative case of a PAC patient after LI combined with PI before and after laser procedure is illustrated in Fig. 2 . The ITC index was decreased from 79% to 9% after the laser procedure in group B. It was noted that the overall iris curvature was flattened, especially at the peripheral angle.
Discussion
In the present study, we found that peripheral angle closure was resolved better after LI combined with PI (group B) compared to LI alone (group A) using ITC index calculated with swept-source AS-OCT. After the laser procedure, ITC index and IOP values were significantly lower in group B than those in group A, although the initial ITC index and initial IOP were not significantly different between the two groups. To the best of our knowledge, this is the first study that compares the 'quantitative' changes of 'circumferential' peripheral angle after LI combined with PI and LI alone. Moreover, we directly investigated and compared the effects of LI combined with PI and LI alone by 1:1 matching the two groups with similar age, gender, diagnosis and initial ITC index. We believe that this method is more appropriate than simple randomization of patients into the two groups for either LI combined with PI or LI alone for direct comparison of the effect of the two laser procedures.
Central ACD did not show significant change after both laser procedures. However, ACV was increased significantly after both laser procedures. These results suggest that the peripheral angle is mainly changed and relieved in patients with shallow AC after either LI combined with PI or LI alone. Therefore, assessment of the peripheral ACA is more important than that of central ACD clinically to determine the success of either laser procedure. Adequate examination of the peripheral ACA requires gonioscopy, AS-OCT or ultrasound biomicroscopy (UBM). In regard to the device for assessment, AS-OCT has advantages in that it is a noninvasive and noncontact method. In addition, it requires no specific expertise of a trained examiner with shorter examination time compared to gonioscopy or UBM. Swept-source AS-OCT has faster scan speed, which is more comfortable for patients. In addition, it has higher resolution than conventional AS-OCT. Swept-source AS-OCT enables quantitative peripheral angle evaluation at 360°. Excluded images from our study had invisible range of more than 23°, which was much more strict criteria than manufacture's minimum points needed to calculate the ITC index. It was intended for a more accurate study. In the clinical setting, seven clear points from the image is enough to evaluate the peripheral angle with ITC index. Although the cost of swept-source AS-OCT should be considered, it may serve as a novel convenient method to evaluate the circumferential peripheral angle at baseline and after laser procedures such as LI or PI. Lee et al. (2011a) have reported that LI plus PI can improve the mid-toperipheral ACD increase assessed by Pentacam in subjects with PACS compared to conventional LI. Previous studies including a population study have also revealed that 19.4% to 42.9% of the anterior chamber angles of angle closure eyes after undergoing LI have remained closed (Alsagoff et al. 2000; Yeung et al. 2005; He et al. 2006 He et al. , 2007 Lee et al. 2011b ). Lee et al. (2011b) have found persistent angle closure in 23.9% of eyes after LI by gonioscopy and in 34.8% of eyes by conventional AS-OCT. It has been reported that LI can eliminate pupillary block via generating a shunt from the posterior chamber to the anterior chamber (Nolan et al. 2000; Saw et al. 2003) . However, angle closure can occur due to nonpupillary block mechanisms such as forward movement of the lens and plateau iris configuration (Kumar et al. 2008 (Kumar et al. , 2009 Nongpiur et al. 2011a; Ku et al. 2014) . Therefore, LI alone may not be effective for nonpupillary block angle closure. Wang et al. (2002) have reported that 61.9% of Chinese eyes have PACG due to a nonpupil blockage mechanism, whereas 38.1% of them are caused by the pupil blockage mechanism. While plateau iris has been widely investigated among nonpupil blockage mechanisms, a recent study by Yan et al. (2014) has found that plateau iris accounts for only 44.7% of cases due to a nonpupil blockage mechanism. Their findings highlight the importance of the position of iris insertion and the thickness of the peripheral iris in nonpupil blockage mechanism of angle closure.
Peripheral iridoplasty (PI) causes the contraction of the far peripheral iris stroma and 'pulls' the iris away from the angle, thus relieving the iris-angle apposition (Liu et al. 2013) . It has been suggested that PI opens the angle not only by contracting the iris stroma, but also by thinning the iris tissue at the crowded angle (Liu et al. 2013) , which is consistent with the PI technique Some infrequent complications such as transient IOP spike, iris haemorrhage, persistent uveitis and a transient atonic pupil have been reported to be associated with PI. These complications were managed by conservative means, and there were no long-term consequences (Ramakrishnan et al. 2016) . In the present study, there were no serious complications observed after LI or LI combined with PI. Iris haemorrhage occurred in some cases during LI but none during PI. Peripheral iridoplasty (PI) was carefully applied with minimum laser power to just make a visible contracture of peripheral iris tissue without whitish coagulation, because overtreatment can lead to coagulative necrosis of the blood vessels. Therefore, in our study, additional PI at the time of LI did not cause more complication than LI alone.
Population-based studies have shown that the prevalence of PACG is higher in East Asians than that in Europeans or Africans (Congdon et al. 1992; Cho & Kee 2014) . Asian eyes are reported to have smaller anterior segments, including smaller anterior chamber width, when compared to Caucasian eyes as measured by conventional AS-OCT (Qin et al. 2012) . In a multicenter study assessed with conventional AS-OCT, Chinese eyes are found to have thicker irides and greater iris area than Caucasian eyes, independent of pupil size in dark conditions (Wang et al. 2012) . Indeed, Asian eyes are thought to have genetic and anatomic predisposition to develop angle closure (Lowe 1988) . Therefore, in a population with a high prevalence of PACG where a significant number of patients have mixed mechanisms of angle closure, LI combined with PI might be able to relieve angle closure better than LI alone. Because PI additionally address nonpupillary block components while LI alone only removes the pupillary block. This may also contribute to the better IOP control of the disease when LI and PI were performed together than LI alone.
In the present study, after laser procedures, IOP values in group B were significantly lower than those in group A, although the initial IOP values did not significantly differ between the two groups. However, the IOP values after the laser procedures were not significantly different compared with those before laser procedures in both groups. Also the changes of IOP values from prelaser to postlaser were not significantly different between the two groups ( Table 2 ). In a study that included PACS for the comparison of LI and LI combined with PI assessed by Pentacam, postprocedure IOP did not significantly differ between the two groups during 3 months after treatment when the baseline IOP values did not significantly differ either between eye treated by conventional LI and LI plus iridoplasty (Lee et al. 2011a ). In a randomized pilot study that included synechial PAC or PACG, IOP was reduced significantly after LI or LI plus PI. However, PAS was decreased by one more clock hour after LI plus PI compared to that after LI (Ramakrishnan et al. 2016) . Our study excluded those with PAS on purpose. A total of 60.6% (20/33) of eyes included in this study were PACS. These differences in the diagnosis and characteristics of included subjects may have influenced the IOP changes after the laser procedures.
All temporal angle parameters and other nasal angle parameters except TIAs at both 500 lm and 750 lm from SS were increased significantly after LI. This might be due to the location of LI and other factors. Due to the location of LI which was mainly at the superotemporal region, peripheral angle might have opened better at the superotemporal area. More detailed study with larger number of patients is needed to clarify the angle opening tendency after LI. However, all temporal and nasal angle parameters were increased significantly after LI combined with PI. Fig. 2 . A representative case of a PAC patient after LI combined with PI before (A) and after (B) the laser procedure. The ITC index was decreased from 79% to 9% after the laser procedure. It was noted that the overall iris curvature was flattened, especially at the peripheral angle.
One of the limitations of the present study was that it was not a populationbased study, but a hospital-based study, in a referral hospital in the surrounding area, although it was a prospective study. Hence, patients prone to develop more severe angle closure might have been included in this study. Therefore, the shallow anterior chamber eyes for laser procedures in this study might not represent all shallow anterior chamber eyes. Another limitation was that this study included only Korean patients. Considering differences in the anatomic structures and the prevalence of PACG (Congdon et al. 1992; Cho & Kee 2014) , the results of ITC indexes after LI or LI combined with PI observed in this study might not apply to other ethnic groups. Nevertheless, our study was unique in that all patients were East Asians (Korean) and all patients had LI or LI combined with PI, thereby providing us information regarding the success rates of both laser procedure and the underlying mechanism of angle closure. Another limitation was that a relatively small number of eyes were included in the study. However, to directly compare the two groups by 1:1 matching with similar age, gender, diagnosis and initial ITC index, it was difficult to find subjects and we could not include as many subjects as in a randomized clinical trial study. In fact, the number of subjects who underwent either laser procedure was much more than the number of subjects included in this study. Additionally, we were unable to visualize ciliary body or measure lens configuration and/or thickness due to limited tissue penetration of AS-OCT. The ciliary body and lens are important structures that may contribute to ACA changes and angle closure. Nonpupillary block mechanisms of angle closure might have attributed to ciliary body and/or lens configuration. However, the aim of our study was not to investigate the structural mechanism for angle closure following LI or LI plus PI, but to inspect the changes in ACA after laser procedures and consequently compare the quantitative effectiveness of the two laser procedures.
In conclusion, the effects of LI and LI combined with PI were quantified and compared by calculating the ITC index in swept-source AS-OCT. The ITC indices of patients with shallow ACA showed more significant decreases after LI combined with PI than those after LI alone. Angle closure may not be caused by a single mechanism of pupillary block, but by mixed mechanisms (pupillary and nonpupillary block). Iridoplasty may be able to additionally relieve peripheral angle closure caused by nonpupillary block mechanism. However, a large multicenter study with long-term follow-up is required to draw more definitive conclusions.
